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ResistanceWarnericin RK is an antimicrobial peptide, produced by a Staphyloccocus warneri strain, described to be
speciﬁcally active against Legionella, the pathogenic bacteria responsible for Legionnaires’ disease. Warnericin
RK is an amphiphilic alpha-helical peptide, which possesses a detergent-like mode of action. Two others
peptides, δ-hemolysin I and II, produced by the same S. warneri strain, are highly similar to S. aureus δ-
hemolysin and also display anti-Legionella activity. It has been recently reported that S. aureus δ-hemolysin
activity on vesicles is likewise related to phospholipid acyl-chain structure, such as chain length and
saturation. As staphylococcal δ-hemolysins were highly similar, we thus hypothesized that fatty acid
composition of Legionella's membrane might inﬂuence the sensitivity of the bacteria to warnericin RK.
Relationship between sensitivity to the peptide and fatty acid composition was then followed in various
conditions. Cells in stationary phase, which were already described as less resistant than cells in exponential
phase, displayed higher amounts of branched-chain fatty acids (BCFA) and short chain fatty acids. An adapted
strain, able to grow at a concentration 33 fold higher than minimal inhibitory concentration of the wild type
(i.e. 1 μM), was isolated after repeated transfers of L. pneumophila in the presence of increased concentrations
of warnericin RK. The amount of BCFA was signiﬁcantly higher in the adapted strain than in the wild type
strain. Also, a transcriptomic analysis of the wild type and adapted strains showed that two genes involved in
fatty acid biosynthesis were repressed in the adapted strain. These genes encode enzymes involved in
desaturation and elongation of fatty acids respectively. Their repression was in agreement with the decrease
of unsaturated fatty acids and fatty acid chain length in the adapted strain. Conclusively, our results indicate
that the increase of BCFA and the decrease of fatty acid chain length in membrane were correlated with the
increase in resistance to warnericin RK. Therefore, fatty acid proﬁle seems to play a critical role in the
sensitivity of L. pneumophila to warnericin RK., branched-chain fatty acids;
index 50
: +33 5 49 45 35 03.
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Antimicrobial peptides (AMPs) have gained recent attention in the
search for antimicrobial alternatives to chemicals and commonly used
antibiotics. These molecules are ubiquitous gene-encoded natural
antibiotics that are part of innate immunity in vertebrates [1] and are
also produced by microorganisms to struggle against others. Many
AMPs are positively charged amphiphilic molecules [2,3] known to
interact with membranes by either disturbing membrane integrity or
by translocating across the membrane to act on internal components
[4,5].AMPs are produced by a broad range of bacteria. Among them,
Staphylococcus warneri RK produces an original antimicrobial peptide
named warnericin RK. This amphiphilic α-helical peptide possesses a
spectrum of activity restricted to the Legionella genus and a hemolytic
activity [6]. S. warneri RK also produced two variants of S. aureus δ-
hemolysin, named δ-hemolysins I and II, which were described as
hemolytic peptides. S. aureus δ-hemolysin mode of action has been
extensively studied over the past few years but, unlike many other
hemolytic peptides, it has never been reported as antimicrobial (for a
review see [7]). Warnericin RK and δ-hemolysins I and II share the
same spectrum of antimicrobial activity directed towards Legionella
genus [6]. Regarding their close properties, these peptides should
have similar mode of action. As δ-hemolysins I and II displayed high
sequence similarities with S. aureus δ-hemolysin sequence, we could
reasonably think that both peptides shared comparable mode of
action. It has been proposed that S. aureus δ-hemolysin acts by a
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either below or above a threshold concentration [9–12]. These
peptides accumulate onto the bilayer surface until a threshold
concentration is reached, leading to membrane disruption [13–15].
The threshold concentration may vary with lipid composition of the
target membrane and peptide environment. Indeed, some membrane
features were described to particularly inﬂuence the activity of S.
aureus δ-hemolysin and modify the threshold concentration, such as
the presence of liquid-disordered domains, phospholipid acyl-chain
structure or elastic properties [16–18]. Warnericin RK was recently
shown to permeabilize membranes in a detergent-like manner,
similarly to S. aureus δ-hemolysin [19], reinforcing the idea that
both peptides have similar mode of action. Thus, we hypothesize that
Legionella should possess a speciﬁc feature in the membrane,
explaining its high sensitivity to those peptides.
Legionella is a Gram negative bacterium found in freshwater
environments and capable of replicating intracellularly within free-
living protozoa [20]. These bacteria, and particularly the species
pneumophila, are mostly responsible for severe pneumonia called
Legionnaires’ disease [21]. Susceptible hosts are infected by inhalation
of aerosolized water containing the bacteria. Thus, Legionella reaches
the lungs and multiply into macrophages in a similar way than into
protozoa [22].
As warnericin RK is a membrane active peptide, we focused on
Legionella's membrane. In the literature, it has been reported that the
membrane of L. pneumophila displays two remarkable features. The
ﬁrst one is the presence of phosphatidylcholine (PC), also called
lecithin [23–25]. PC represents approximately 30% of the L. pneumo-
phila phospholipids [24,25]. PC is a phospholipid mainly found in
eukaryotic cells. Most of the prokaryotes lack it, nevertheless, PC is
found in high quantities in some bacteria belonging to the α and γ
proteobacteria like Legionella [26,27]. Many of those bacterial species
are found closely associated with eukaryotic hosts. The second
particularity of Legionella's membrane is a high amount of
branched-chain fatty acids (BCFA) [28–31]. BCFA are common
components of Gram positive bacteria but often lack in Gram negative
bacteria. Indeed, only ten bacterial genera of Gram negative bacteria
were listed as possessing this characteristic including Legionella,
Flavobacterium, Bacteroides and Desulfovibrio [32]. The quantity of
BCFA ranges from 39% for L. oakridgensis to 91% for L. jordaniswith an
average rate of 61% for L. pneumophila [30]. The composition of BCFA
affects membrane ﬂuidity as a result of the disturbing effect of the
methyl group on acyl-chain packing [33]. Bacteria that produce these
fatty acids modify their ratio iso/anteiso in response to temperature
and chemical stress to maintain their membrane ﬂuidity, as shown in
various studies [34–37]. Consequently, the sensitivity of Legionella to
warnericin RK might be related to fatty acid composition.
In this study, we addressed the role of fatty acids in the sensitivity
of Legionella to warnericin RK. The sensitivity of L. pneumophila and
the fatty acid composition of its membrane were assessed in various
conditions: exponential vs. stationary growth phase, different
temperatures and wild type vs. adapted resistant strain. Also,
expression of genes related to fatty acid metabolism was measured
by microarray analysis.2. Materials and methods
2.1. Bacterial strains, culture conditions and reagents
Legionella were routinely cultured in buffered yeast extract (BYE)
or on buffered charcoal yeast extract (BCYE) agar plates. Solid
medium was obtained by adding charcoal (2 g/l) and agar (15 g/l)
to BYE before sterilization. Growth was performed at 37 °C for 96 h.
Non-legionellae bacteria were grown on brain heart infusion (BHI)
agar plates. Cultures were incubated in BHI broth at 37 °C for 24 h.All reagents were purchased from Sigma-Aldrich (Saint-Quentin,
France) except for solvents (Acros Organics, Geel, Belgium), Trizol
(Invitrogen, Cergy Pontoise, France) and fatty acid methyl esters
(FAMEs) standards (Larodan AB, Malmö, Sweden). Synthetic warner-
icin RK with the amino acid sequence MQFITDLIKKAVDFFKGLFGNK
was purchased from GenScript Corporation (Piscataway, USA).
2.2. Adapted resistant strain selection
A fresh culture of L. pneumophila, at a ﬁnal concentration of
106bacteria/ml, was incubated with sub-inhibitory concentrations of
warnericin RK. Grown bacteria were transferred every 4 days by
inoculating 10 μl of stationary phase culture to 1 ml BYE. The
concentration of warnericin RK was increased in each transfer. The
initial peptide concentration was 0.6 μM.
2.3. Minimal inhibitory concentration determination
Microtiter plate assays have been used to measure the minimal
inhibitory concentration (MIC) of warnericin RK according to the
method detailed by Verdon et al. [6]. We deﬁned MIC as the lowest
concentration of warnericin RK that totally inhibits the growth of a
selected strain after a deﬁned incubation period depending on the
tested strain.
2.4. RNA isolation and cDNA synthesis
Exponentially (OD600=0.4–0.8) and stationary (OD600N2) cul-
tured bacteria were centrifuged (10,000 ×g, 10 min, 4 °C). The pellets
were ﬂash frozen on dry ice-ethanol and stored at −80 °C. For
extraction, cells were resuspended by pipetting in 500 μl of resuspen-
sion buffer (12.5 mM Tris pH 7.6, 5 mM EDTA). Then, 500 μl of acid
phenol (pH 4.5–5) and 0.4 g of glass beads (200–300 μm diameter)
were added. Cells were shaken mechanically using a FastPrep FP120
apparatus (Pegasus Scientiﬁc, Rockville, USA). After centrifugation
(12,000 ×g, 5 min, 20 °C), the supernatant was transferred to a new
tube, and 1 ml of Trizol reagent was added. The sample was incubated
for 10 min at room temperature. Total RNA was extracted twice with
chloroform and precipitated in 0.7 volume of isopropanol. After a
washing step with 75% ethanol, the RNA pellet was dissolved in sterile
RNase-free water and quantiﬁed by absorbance at 260 nm. Purity and
integrity of RNA were controlled on 1% agarose gels, and RNA was
stored at −80 °C until use.
Total RNA (2×20 μg) was used for cDNA synthesis with Super-
script indirect cDNA kit (Invitrogen) and labelled with Cy5 or Cy3
(Amersham Biosciences) according to the supplier's instructions.
2.5. Array hybridization and data analysis
Hybridizations were performed using 250 pmol Cy3- and Cy5-
labelled cDNA following the manufacturer's recommendations (Corn-
ing) and using slides described by Brüggemann et al. [38]. The cDNA of
each cell sample was compared to the other using two distinct
hybridizations on slides, including a dye-swap. In addition, a
biological replicate was carried out giving a total of 4 slides for the
overall experiment. Slides were scanned and the resulting ﬁles were
analyzed as previously described by Sahr et al. [39]. If not stated
otherwise, only genes with signiﬁcant changes in expression were
taken into consideration. Empty and ﬂagged spots were excluded
from the data set, and only genes with no missing values for the
comparison of interest were analyzed.
2.6. Lipid analysis
Lipid extracts were prepared from approximately 4·109 bacteria.
Bacteria were centrifuged (10,000 ×g, 5 min, 20 °C) and suspended in
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Fig. 1.Membrane permeabilization of exponential and stationary phases L. pneumophila
by warnericin RK. L. pneumophila (106bacteria/ml) was grown in BYE under shaking
(150 rpm) in exponential phase (OD600=0.4–0.8) or in stationary phase (OD600N2) at
37 °C. Bacteria were incubated with various warnericin RK concentrations during
45 min at 37 °C. Bacteria were stained by the Baclight kit (SYTO 9 and PI) and analyzed
by ﬂow cytometry. PI penetrates in membrane-damaged cells. A total of 50,000 events
were recorded for each samples. Results represent the mean+/−standard deviation
from three independent experiments.
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glass beads (diameter 150–200 μm) for 1 min. After a short sedimen-
tation, the supernatant was transferred in another tube and the pellet
was resuspended in 1 ml distilled water. The operation was repeated
twice. Total cellular lipids were extracted from the supernatant using
a 2:1 (v/v) chloroform:methanol solution as described by Folch et al.
[40]. The ﬁnal organic phase was evaporated to dryness under a
stream of nitrogen and stored at −20 °C.
The fatty acids of phospholipids were isolated on extraction
columns, packed with unbonded silica (cusil 156 Clean-up Extraction
Columns, 6 ml, Carlo Erba, Val-de-Reuil, France) according to the
method detailed by Keinanen et al. [41] withminormodiﬁcations. The
lipid extract was applied in dichloromethane on the top of the
column, then neutral lipids were eluted with 5 ml of dichloro-
methane, glycolipids were eluted with 10 ml of acetone, and
phospholipids were eluted with 5 ml of methanol. The phospholipid
fraction was evaporated to dryness under a stream of nitrogen and
stored at −20 °C.
The fatty acids of phospholipids were then converted into fatty acid
methyl esters (FAMEs) by saponiﬁcation and methylation, carried out
by shaking the samples for 1 hour with 5 ml of 0.2 M alkaline
methanol. The reaction was stopped by addition of 0.33 ml of 1 M
acetic acid. FAMEs were then partitioned into an organic phase by
adding 4 ml of hexane. This phase was then evaporated to dryness
under a stream of nitrogen. FAMEs were dissolved in 0.5 ml of 1:1 (v/v)
hexane/methyl tert-butyl ether. Analysis was performed by gas
chromatography (GC) on a Hewlett-Packard model 5972 GC chro-
matograph coupled with a mass detector operated in electron impact
mode at 70 eV. The chromatograph used a DB5-MS non-polar column
(25 m×0.25 mm, 0.25 μm ﬁlm thickness) with the injector and
detector maintained at 250 and 320 °C, respectively. The column
temperature was programmed to start at 50 °C for 2 min and then
ramp up at a rate of 8 °C min−1 to 200 °C, followed by a ramp of
10 °C min−1 to 300 °C. The FAME peaks were identiﬁed by comparing
their mass spectra and retention times with those of standards. For
that, a commercial FAMEmix containing 37 components was analyzed.
Results of fatty acids composition were expressed in relative
abundance (area of each fatty acid was compared to the total area of
the chromatograms).
2.7. Permeabilization assays
L. pneumophila cells were cultured at both exponential
(OD600=0.4–0.8) and stationary (OD600N2) growth phase. The
bacterial suspension, adjusted at 106 bacteria/ml, was treated with
various warnericin RK concentrations, ranging from 0.6 μM to 10 μM,
during 45 min at 37 °C. Membrane permeabilization was measured
using a ﬂow cytometric approach with bacterial staining by a couple
of ﬂuorochromes (SYTO9 and propidium iodide (PI)), as described
previously by Verdon et al. [19]. A permeabilization index (PI50) was
deﬁned as the lowest concentration of warnericin RK that induced at
least 50% of bacterial permeabilization.
3. Results and discussion
3.1. Growth phase modulates sensitivity and fatty acid composition
We have previously shown that growth phase was important for
sensitivity to antimicrobials as stationary phase L. pneumophila were
less sensitive than exponential ones to warnericin RK [6]. This result is
not surprising because stationary phase cells of L. pneumophila have
been described to bemore resistant to various biocides and antibiotics
[42–46], although the reason for this resistance is poorly understood.
In this study, the permeabilization of L. pneumophila, as measured
by propidium iodide (PI) staining, was used to assess warnericin RK
activity. This test was chosen because permeabilization reﬂects inreal-time the response of bacteria, which is not the case with CFU
counts. The percentage of PI positive bacteria was higher for
exponential phase bacteria reﬂecting a higher permeabilization
(Fig. 1). A permeabilization index (PI50), deﬁned as the minimal
concentration of warnericin RK that induced at least 50% of bacterial
permeabilization, could be deﬁned in each conditions. PI50 was 0.6 μM
in exponential phase to 5 μM in stationary phase (Fig. 1). These results
conﬁrmed that stationary phase cells are less sensitive to warnericin
RK.
Then, fatty acids of L. pneumophila in both exponential and
stationary phase of growth were analyzed and compared to those of L.
pneumophila grown on agar plates as a control. Indeed, fatty acid
analysis has been reported in the latter condition [28–31]. Lipids were
extracted from the different samples using a chloroform/methanol
method, after saponiﬁcation, fatty acid methyl esters (FAMEs) were
analyzed by GC–MS.
L. pneumophila grown on BCYE agar plates contained up to 16
different species including unbranched, branched (iso and anteiso),
saturated and unsaturated fatty acids (Fig. 2, white bars). The
predominant fatty acids (N10%) were the 14-methylpentadecanoic
(iC16:0) and the 12-methyltetradecanoic (aC15:0) acids. Several
other branched-chain fatty acids were also presents in lower amounts
(b10%) including 12-methyltridecanoic (iC14:0), isomers of 14-
methylpentadecenoic acid (iC16:1), 14-methylhexadecanoic
(aCl7:0) and 15-methylhexadecanoic (iC17:0) acids. Other fatty
acids detected included tetradecanoic (C14:0), pentadecanoic
(C15:0), isomers of hexadecenoic (C16:1), hexadecanoic (C16:0),
heptadecanoic (C17:0), octadecanoic (C18:0), nonadecanoic (C19:0),
eicosanoic (C20:0) and heneicosanoic (C21:0) acids. Furthermore, a
17-carbon cyclopropane acid was identiﬁed as cis-9,10-methylene
hexadecanoic (Cl7:0cyc) acid. This fatty acid was also found in other
legionellae than L. pneumophila [47]. The fatty acid composition of
bacteria grown on agar plates was in agreement with data reported in
literature conﬁrming that L. pneumophila possess a high degree of
BCFA, up to 60% [28–31].
Fatty acid composition of both exponentially and stationary
growth phase bacteria were then compared. Bacteria grown to
stationary phase had a fatty acid proﬁle similar to that of bacteria
grown on agar plate (Fig. 2, grey bars). The major species was iC16:0
(41.2%) and the second one was C16:0 (14.2%). In the exponential
phase, there was a switch between these two species, C16:0 becoming
the major species (44.4%). Bacteria in exponential phase also had
higher amounts of C18:0 (14.4%) compared to those in stationary
phase (Fig. 2, black bars). Other branched-chain fatty acids (BCFA)
slightly decreased such as aC15:0 and iC14:0. Finally, we reported the
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Fig. 2. Fatty acid composition of total phospholipids from L. pneumophila. L.
pneumophila was grown either in BYE under shaking (150 rpm) at exponential phase
(OD600=0.4-0.8) and at stationary phase (OD600N2) or on BCYE agar plates at 37 °C.
Fatty acid methyl esters were analyzed by GC–MS. For each fatty acid, numbers to the
left refer to the number of carbon atoms; numbers to the right refer the number of
double bonds; a, methyl branch at the anteiso carbon atom; i, methyl branch at the iso
carbon atom; Δ, cyclopropane ring structure. Results represent the mean+/−standard
deviation from three independent experiments.
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membrane of stationary growth phase bacteria contained nearly 3
fold more BCFA and 2 fold more short chain fatty acids (with a chain
length lower than 16 carbons) than the membrane of exponential
growth phase bacteria.
Our results indicate that there is an increase of BCFA and a
decrease of fatty acid chain length together with the growth phase
and, consequently, with an increase in resistance to warnericin RK.
We also followed the resistance and the fatty acid composition along
the growth at several time points and there was a clear correlation
between increase of BCFA, decrease of fatty acid chain length and
increase of resistance (data not shown). Increase of amounts of BCFA
and decrease of fatty acid chain length are usually found in bacteria
exposed to thermal or chemical stresses [34–37]. BCFA composition is
clearly dependant of the physiological state of the bacteria and culture
conditions. Indeed, L. pneumophila BCFA decreased under iron or
phosphate starvation and intra amoeba growth [31]. BCFA are
involved in membrane ﬂuidity as they possess a phase transition
temperature lower than linear fatty acids [32] and a disturbing
effect on acyl-chain packing [33]. Thus, Legionella in stationary phase
would have a more ﬂuid membrane than in exponential phase.
Changes in bacterial envelope, such as modiﬁcations in membrane
ﬂuidity, are known to be implicated in higher resistance to antibiotics
in stationary phase [48–50].
3.2. Growth temperature poorly affects sensitivity to warnericin RK and
fatty acid composition
Temperature has been shown to inﬂuence fatty acid composition
in several bacteria in order to adapt their membrane ﬂuidity
[36,37,51]. Thus, L. pneumophila was grown at various temperatures,Table 1
Fatty acid families as a function of growth phase. PI50 corresponds to the minimal
concentration of warnericin RK that induced at least 50% of permeabilization.
Strains Growth
phase
Temperature % branched % unsaturated % short
chain
PI50
(μM)
WT Exponential 37 °C 25.0 10.0 7.8 b0.6
25 °C 23.9 16.3 4.1 b0.6
20 °C 30.1 15.5 7.0 b0.6
WT Stationary 37 °C 66.1 8.1 17.9 2.5
25 °C 63.7 12.5 11.3 2.5
20 °C 64.4 11.4 17.8 5to exponential and stationary phases, in the aim to modify its fatty
acid composition and to determine its sensitivity to warnericin RK.
For a given growth phase, L. pneumophila displays similar sensitivity
to warnericin RK, whatever the temperature (Fig. 3A and B). Also,
the fatty acid proﬁles were similar between bacteria grown at different
temperatures (Fig. 4A and B). Only the amount of C16:0 species slightly
increased with temperature. As summarized in Table 1, there was poor
modiﬁcation in the amount of BCFA and short chain fatty acids with
temperature change. Globally, the tested temperatures had hardly any
effect on the fatty acid composition as well as on sensitivity of
L. pneumophila. Although, we were expected that the fatty acid proﬁle
would change because a previous study on L. pneumophila fatty acid
composition has shown that BCFA decreased in L. pneumophila as the
temperature was reduced towards 24 °C while unsaturated fatty acids
increased [52]. However, the authors used an ACES-buffered chemi-
cally deﬁned medium [53] to achieve L. pneumophila growth while we
used a rich medium. As growth medium and culture conditions could
modulate fatty acid composition of L. pneumophila [31], it might
explain the discrepancies between the two studies.3.3. Selection of a resistant adapted strain
To further analyze the relationships between sensitivity to
warnericin RK and fatty acid composition, we searched resistant L.
pneumophila to the peptide. In a ﬁrst approach, L. pneumophilamutants
were obtained by transposon mutagenesis. A derivative of Tn903
transposon named Tn903dIIlacZ [54] was introduced in L. pneumophila
by electroporation (efﬁcacy of transformation of 105 CFU/ml) and
transformants were selected using 10 μg/ml kanamycin. A total of ~108
transformants were screened but no transformant, displaying increased
resistance to warnericin RK, were isolated (data not shown).0
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Fig. 3.Membrane permeabilization of L. pneumophila grown at various temperatures by
warnericin RK. L. pneumophila (106bacteria/ml) was grown in BYE under shaking
(150 rpm) until A) exponential phase (OD600=0.4–0.8) or B) stationary phase
(OD600N2) at various temperatures. Bacteria were incubated with various warnericin
RK concentrations during 45 min at 37 °C. Bacteria were stained by the Baclight kit
(SYTO 9 and PI) and analyzed by ﬂow cytometry. A total of 50,000 events were recorded
for each samples. Results represent the mean+/−standard deviation from three
independent experiments.
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Fig. 4. Fatty acid composition of total phospholipids from L. pneumophila grown at various
temperatures. L. pneumophila (106bacteria/ml) was grown in BYE under shaking
(150 rpm) until A) exponential phase (OD600=0.4–0.8) or B) stationary phase
(OD600N2) at various temperatures. Fatty acid methyl esters were analyzed by GC–MS.
For each fatty acid, numbers to the left refer to the number of carbon atoms; numbers to
the right refer the number of double bonds; a,methyl branch at the anteiso carbon atom; i,
methyl branch at the iso carbon atom. Results represent the mean+/−standard
deviation from three independent experiments.
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1150 J. Verdon et al. / Biochimica et Biophysica Acta 1808 (2011) 1146–1153In a second approach, L. pneumophila was grown sequentially in
presence of increasing concentrations of warnericin RK. After eight
transfers, we obtained bacteria able to grow in presence of 39 μM
warnericin RK (MIC of 78 μM), corresponding to 33-fold the MIC for
the wild type strain (1.2 μM) (Table 2) [6]. To investigate if the
selected resistants were genetically modiﬁed, clones able to grow at
39 μM of warnericin RK were transferred into fresh BYE medium
without warnericin RK. After 4 days at 37 °C, their MIC was assessed.
These cells were as sensitive as the wild type strain, thus the
resistance phenotype was not stable. It indicates that resistant
bacteria were not mutated but rather adapted to grow in presence
of high concentrations of warnericin RK. A similar behavior was
reported with a nisin resistant Lactococcus lactis strain, obtained by
consecutively growing the wild type strain in the presence of
increased concentrations of nisin in the medium [50]. This resistant
strain was 75 times more resistant to nisin than the wild type strain,
but authors observed a reversal of the resistant strain to wild type
sensitivity after overnight growth without nisin. Thus, the L. lactis
strain was only adapted to nisin. The acquired nisin resistance
mechanism in L. lactis was complex, involving various knownTable 2
Inhibitory activity of warnericin RK at high concentration. Bacteria (106bacteria/ml)
were incubated in BYE or BHI with various warnericin RK concentrations starting at
195.2 μM. Results correspond to the MIC after 30 h or 96 h at 37 °C depending on the
tested strain. The test was repeated twice independently.
Strains MIC (μM) Source/Reference
B. megaterium F04 1.2 Laboratory collection
E. coli MG1655 N195.2 Laboratory collection
L. longbeachae 33484 1.2 ATCC
L. pneumophila lens 108286 1.2 Institut Pasteur
L. pneumophila lens adapted 78 This work
L. monocytogenes EGDe N195.2 [55]
S. aureus 971 N195.2 Laboratory collection
S. typhimurium 3108 N195.2 Laboratory collection
S. warneri RK N195.2 [56]mechanisms such as efﬂux pumps or membrane modiﬁcations to
prevent nisin insertion [50].
Interestingly, even if the L. pneumophila adapted strain is more
resistant to warnericin RK, it is still largely more sensitive than many
other bacteria, such as E. coli, that resists to at least 195.2 μM(Table 2).
Those results indicate that the adapted strain is not fully resistant and
so there is still a feature in this strain responsible for this intermediate
phenotype.
3.4. Adapted strain is more resistant and displays higher amounts of
BCFA and fatty acid chain shortening
The adapted strain was assessed for its sensitivity and for fatty acid
composition, in both exponential and stationary phases. Membrane
permeability was monitored by ﬂow cytometry as described in
Section 3.1. The adapted strain (grey bars) was clearly less permeable
than the wild type strain (black boxes) after warnericin RK treatment
(Fig. 5A and B), conﬁrming that the adapted strain is more resistant.
As a consequence, the PI50 is higher for the adapted strain in both
growth phase (Table 3).
Fatty acid composition of both adapted and wild type strains were
compared to search potential modiﬁcations in the membrane of the
adapted strain. In the membrane of exponential growth phase
bacteria, BCFA (aC15:0 and iC16:0) were more abundant in the
adapted strain while C16:0 and C16:1 decreased (Fig. 6A). A similar
pattern was obtained by comparing both strains in the stationary
phase (Fig. 6B). The amount of BCFA increased and fatty acid chain
shortened (about two-fold) in the adapted strain compared to the
wild type strain (Table 3). Thus, therewas again a correlation between0
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Fig. 5. Membrane permeabilization of L. pneumophila wild type (WT) and adapted
strains by warnericin RK. Strains of L. pneumophilawere grown inmicrotiter plates with
BYE until A) exponential phase (OD600=0.4–0.8) or B) stationary phase (OD600N2) at
37 °C. Bacteria were incubated with various warnericin RK concentrations during
45 min at 37 °C. Bacteria were stained by the Baclight kit (SYTO 9 and PI) and analyzed
by ﬂow cytometry. A total of 50,000 events were recorded for each samples. Results
represent the mean+/−standard deviation from three independent experiments.
Table 3
Fatty acid families as a function of culture conditions. PI50 corresponds to the minimal
concentration of warnericin RK that induced at least 50% of permeabilization.
Strains Growth
phase
Temperature % branched % unsaturated % short
chain
PI50
(μM)
WT Exponential 37 °C 18.1 29.2 4.3 b0.6
Adapted Exponential 37 °C 34.2 23.8 8.7 1.2
WT Stationary 37 °C 29.7 23.3 8.7 0.6
Adapted Stationary 37 °C 47.0 19.8 15.2 2.5
1151J. Verdon et al. / Biochimica et Biophysica Acta 1808 (2011) 1146–1153increase of resistance and increase of BCFA amounts as well as
decrease in fatty acid chain length, showing that these parameters
were correlated.
We could conclude that these modiﬁcations of the acyl-chain
structure are, at least partly, responsible for an increase in warnericin
RK resistance in L. pneumophila. Both increase of BCFA amounts and
decrease in fatty acid chain length would lead to an increase of
membrane ﬂuidity. Fluidity has been previously related to resistance
to antimicrobial peptides [57]. Furthermore, an increase of membrane
ﬂuidity has been previously linked to antimicrobial peptide resistance
[58]. However the same group also found that a decrease of ﬂuidity
could lead to higher resistance with another peptide [59]. They
hypothesized that for each peptide–membrane interaction there
could be an optimum ﬂuidity. As warnericin RK and δ-hemolysin are
both produced by Staphylococcus and possess a similar mode of action
[19], studies of δ-hemolysin would be a basis of greatest interest to
understand warnericin RK activity. Recently, Pokorny et al. also found
that the activity of δ-hemolysin correlates with phospholipid acyl-
chain structure and bilayer elastic properties in lipid vesicles [18].
They hypothesized that interaction of δ-hemolysin is entropically
more favorable with partially saturated phospholipids. This might be
also the case for warnericin RK with BCFA.0
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Fig. 6. Fatty acid composition of total phospholipids from L. pneumophila wild type
(WT) and adapted strains. Strains of L. pneumophila were grown in microtiter plates
with BYE until A) exponential phase (OD600=0.4–0.8) or B) stationary phase
(OD600N2). Fatty acid methyl esters were analyzed by GC–MS. For each fatty acid,
numbers to the left refer to the number of carbon atoms; numbers to the right refer to
the number of double bonds; a, methyl branch at the anteiso carbon atom; i, methyl
branch at the iso carbon atom. Results represent the mean+/−standard deviation
from three independent experiments.3.5. Two fatty acid associated genes were repressed in the adapted strain
In order to assess if genes related to the fatty acidmetabolismwere
differentially expressed in the adapted strain, we performed micro-
array experiments. In this aim, both strains were grown to late
exponential phase, total RNA were extracted and used for cDNA
synthesis. The cDNA was labelled and used to hybridize a DNA
oligonucleotide microarray containing 3,823 gene-speciﬁc oligonu-
cleotides [38]. These probes were designed to match every predicted
open reading frame in the three sequenced L. pneumophila genomes of
strains Lens, Paris and Philadelphia [60,61]. Statistical analyses
selected 470 genes, which expression was signiﬁcantly different
between adapted and wild type strains. Two hundred and ten genes
were induced in the L. pneumophila adapted strain and two hundred
and sixty were repressed (Supplementary data, Table S1). These genes
encode proteins that belong to six groups, according to to LegioList
Functional classiﬁcation codes (http://genolist.pasteur.fr/LegioList/
help/function-codes.html), namely, cell envelope and cellular pro-
cesses, intermediary metabolism, information pathways, other func-
tions (toxins, phage and transposon proteins, miscellaneous
proteins…), similar to unknown proteins and no similarity with
known proteins. The repartition of these genes among the six groups
is summarized in Figure S1 (Supplementary data, Figure S1).
Among these genes, we focused on those likely involved in fatty
acid metabolism, as a result only 2 genes were selected. These two
genes that encode proteins similar to a fatty acid desaturase (lpp0618)
and to a long-chain fatty acid-CoA ligase (lpp1015), were repressed
(with a fold change of 0.66 and 0.67 respectively). These enzymes
were involved in desaturation and elongation of fatty acid respec-
tively. The repression of the desaturase was in agreement with the
decrease of unsaturated fatty acids of the adapted strain. Also, the
repression of the ligase was reliable with the increase in fatty acid
chain shortening in the adapted strain.
Aside from the acyl-chain composition, others factors such as
changes in phospholipid composition, LPS remodeling and extrusion
pumps are considered of greatest importance in antimicrobial peptide
resistance [57]. However, genes involved in phospholipid composition
or LPS remodeling were not detected in the analysis of the microarray
results and no extrusion pumps was induced.
Few studies have carried their attention on gene expression
analysis in response to an antimicrobial peptide [50,62,63]. For
example, the work of Kramer et al. on a resistant L. lactis strain to nisin
showed differential expression observed in genes encoding proteins
involved in cell wall biosynthesis, energy metabolism, fatty acid and
phospholipid metabolism, regulatory functions, and metal and/or
peptide transport and binding [50]. Interestingly, they proposed that
reduced levels of proteins encoded by the fab operon, which is
involved in the saturation of the fatty acid chains in membrane
phospholipids, might make the membrane more ﬂuid, preventing
nisin insertion into the membrane.
4. Conclusion
The present study succeeded in determining the overall fatty acid
composition of L. pneumophila in various conditions and its relation-
ship with sensitivity to warnericin RK. This approach reveals that
warnericin RK is less active on bacteria that possess a higher rate of
BCFA and fatty acid chain shortening. Indeed, there was a correlation
between fatty acid composition (higher amounts of BCFA and short
chain fatty acids) in L. pneumophila, and increased resistance to
warnericin RK (i.e. stationary phase and adapted strain). We thus
concluded that L. pneumophila sensitivity to warnericin RK would be,
at least partly, explained by a modulation of the membrane fatty acid
composition.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2010.12.011.
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